Summary We investigated differences in physiological and morphological traits between the tall and short forms of mopane (Colophospermum mopane (Kirk ex Benth.) Kirk ex J. Léonard) trees growing near Maun, Botswana on a Kalahari sandveld overlying an impermeable calcrete duricrust. We sought to determine if differences between the two physiognomic types are attributable to the way they exploit available soil water. The tall form, which was located on deeper soil than the short form (5.5 versus 1.6 m), had a lower leaf:fine root biomass ratio (1:20 versus 1:6), but a similar leaf area index (0.9-1.0). Leaf nitrogen concentrations varied between 18 and 27 mg g -1 and were about 20% higher in the tall form than in the short form. Maximum net assimilation rates (A sat ) occurred during the rainy seasons (March-April 2000 and January-February 2001) and were similar in the tall and short forms (15-22 µmol m -2 s -1 ) before declining to less than 10 µmol m -2 s -1 at the end of the rainy season in late April. As the dry season progressed, A sat , soil water content, predawn leaf water potential (Ψ pd ) and leaf nitrogen concentration declined rapidly. Before leaf abscission, Ψ pd was more negative in the short form (-3.4 MPa) than in the tall form (-2.7 MPa) despite the greater availability of soil water beneath the short form trees. This difference appeared attributable to differences in root depth and density between the physiognomic types. Stomatal regulation of water use and carbon assimilation differed between years, with the tall form having a consistently more conservative water-use strategy as the dry season progressed than the short form.
Introduction
The amount and seasonality of soil water availability are important factors determining patterns of activity and growth of seasonally dry forests and woodland savanna plants (Holbrook et al. 1995 , Duff et al. 1997 , Choat et al. 2006 . Little is known, however, about the acquisition, transport, storage and loss of water in dryland trees. The pattern and depth of rooting and the source of water may have an important influence on forest stand structure and dynamics in dry savanna ecosystems (Medina and Francisco 1994 , Canadell et al. 1996 , Veenendaal and Swaine 1998 , Ares and Fownes 1999 .
Mopane, Colophospermum mopane (Kirk ex Benth.) Kirk ex J. Léonard, is a deciduous leguminous tree common in southern Africa in valley bottoms on heavy, calcareous and often sodic soils (Mapaure 1994) . It is also widespread on Kalahari sands, where it usually occurs in nearly pure monospecific stands (Wild and Fernandes 1967) either as a multistemmed shrub with a modal height of about 1-2 m (short form) or a single-stemmed tree up to 6 m in height (tall form).
The existence of these distinct physiognomic types of mopane has been associated with differences in physical and chemical soil properties. The short form tends to occur on heavier soils derived from basic materials, whereas the tall form is most common on sandier soils (Fraser et al. 1987) . Le Roux (1980) attributed the distribution of the two forms to variation in soil nitrogen and magnesium; the short form occurring where soil N is low and Mg is high. However, other explanations for the short form of mopane have been suggested, including browsing by elephants (Smallie and O'Connor 2004) and high fire frequencies (Mlambo and Mapaure 2006) . At our study site, on a Kalahari sandveld in central Botswana, Mantlana (2002) observed that the tall form of mopane occurred on a sand profile up to 5 m deep over a calcium-rich duricrust layer, with interspersed patches of the short form where depth to the duricrust layer was no more than 2 m.
We studied seasonal variation in leaf gas exchange and water relations in one stand of each form, located 300 m apart. We also investigated differences between the physiognomic types in rooting depth and density. We hypothesized that the differences in structure and leaf gas exchange characteristics between forms are related to differences in the way they exploit water throughout the soil profile.
Materials and methods

Study area
The study was conducted about 20 km east of Maun, Botswana (23°33′ E, 19°54′ S, 960 m elevation), on a Kalahari sandveld (Skarpe 1986, Moore and Attwell 1999) . Yearly rainfall at the site was variable, averaging about 450 mm (Moore and Attwell 1999) , occurring mainly between November and April. The woody layer was almost exclusively dominated by C. mopane, but with Acacia nilotica (L.) Delile, A. erioloba E. Mey., Terminalia sericea Burch. Ex DC., Grewia flava DC. and Ximenia americana L. also present.
Single stands of the short and tall forms of mopane, approximately 300 m apart, were selected for study. At both sites, soil electrical conductivity varied from 0.04 mS cm -1 at the surface to 0.25 mS cm -1 at a depth of 5 m. Soil pH varied between 7 and 8.5, and soil bulk density varied between 1.6 and 2 kg dm -3 . Because of the absence of combustible undergrowth, fire is assumed to have had no effect on vegetation structure. The area had not been browsed by elephants (Veenendaal et al. 2004) , and the grass cover at both sites was sparse (herbaceous leaf area index (LAI) < 0.1).
Gas exchange measurements
We measured light-saturated CO 2 assimilation rate (A sat ) and incident photosynthetic photon flux (PPF) with an LI-6200 portable photosynthesis system (Li-Cor, Lincoln, NE) equipped with a standard 1 dm 3 leaf chamber (McDermitt et al. 1989) . A PPF quantum sensor was fitted outside the chamber. The gas analyzer was calibrated each measurement day against a gas of known CO 2 concentration and the quantum sensor checked against a newly factory-calibrated sensor. At monthly intervals between March and August 2000, and again when new leaves appeared in January 2001 until March 2001, five trees were randomly selected from each stand, and two healthy sun-exposed leaves per tree were chosen for gas exchange measurements, which were taken from dawn (0600 h) to mid-afternoon (1500 h), usually at 2-h intervals. In all cases, measurements at the two sites were made on consecutive days. To limit the rise in leaf temperature after enclosure in the leaf cuvette, gas exchange measurements were completed within 22 s (McDermitt et al. 1989) . Leaf orientation was maintained during enclosure in the chamber, and all measurements were made at ambient CO 2 concentration and a PPF greater than 1000 µmol m -2 s -1 , except in March 2000 at the tall mopane site, when persistent cloud cover lowered the ambient solar irradiance.
Leaf water potential
Predawn leaf water potentials (Ψ pd ) were measured with a Scholander-type pressure chamber (Plant Moisture System, Skye Instruments, Powys, U.K.). Two randomly selected healthy leaves per tree were measured when the gas exchange measurements were made.
Soil water content
Soil cores were taken from May 2000 to March 2001 at 25-cm intervals over the first meter and then every 50 cm to a depth of 2 m at the short mopane site and to a depth of 5 m at the tall mopane site. There were three replicates per site, and soil water contents (θ g ) were determined gravimetrically.
Leaf nitrogen concentrations
Ten to 15 leaves per tree were harvested monthly from five randomly selected trees at each site, dried at 70°C to constant mass and ground to a fine powder. Total nitrogen concentration of the ground leaf tissue (N l ) was analyzed with an elemental analyzer 1110 CHNS-O (ThermoQuest Carlo Erba Instruments, Wigan, U.K.) (Pregitzer et al. 1998 ). All measurement sequences included standard reference samples.
Root distribution and root structure
At the end of the growth season in May 2001, single 1 × 1 m soil monoliths were removed to a depth of 1 m in five layers of 20 cm each from beside the stem outward from three randomly selected trees. The roots were separated from the soil by gentle wet sieving (0.2-mm mesh). The roots from each soil layer were sorted into two classes, < 1 mm wide (fine roots) and > 1 mm wide (large roots).
Canopy leaf areas
Stand LAI was measured with a Sunscan canopy analysis system (Delta T Devices, Cambridge, U.K.) in April 2000.
Meteorological data
Daily precipitation totals, mean afternoon temperatures and maximum vapor pressure deficits (VPDs) (mean of measurements between 1200 and 1800 h) were obtained from a meteorological station mounted on a nearby eddy covariance tower (Veenendaal et al. 2004) , except for September through October 2000 when they were obtained from the long-term weather station at nearby Maun airport.
Results
Stand characteristics
Mean tree height was 5.5 m (tall form) and 1.6 m (short form) ( Table 1 ). Mean crown diameter was 4.1 m (tall form) and 1.6 m (short form). Stand density of the short form was four times that of the tall form, which is similar to the variation in density reported for other mopane woodlands in Botswana (Tietema et al. 1991) . Although neither stand had been subjected to recent fire or grazing disturbance, many short-form trees had several dead stems of about the same height as the leaf-bearing stems. The trees of the two forms did not differ significantly in mean leaf size, specific leaf area (SLA) or LAI (Table 1 ). When measured in March 2001, SLA was 9.8 and 9.6 m 2 kg -1 for the tall and short forms, respectively (Table 1) . At the end of the growing season, mean total root density was 8.5 times higher for the tall form than for the short form (25 versus 3 g dm -3 ; Figure 1a ). In both forms, total root density and fine root density were highest in the top 20 cm of soil. Below 20 cm, fine root density of the short form declined with depth, whereas fine root density of the tall form was highest in the 60-80 cm soil layer (Figure 1b ). The short form had no roots at soil depths > 1 m, whereas observations at a nearby cleared site showed that roots of the tall form reached depths of at least 3 m. Integration over the first meter of soil gave mean fine root densities of 2 g dm -3 (tall form) and 0.6 g dm -3
(short form). From the LAI and SLA data, we estimated leaf:fine-root biomass ratios of 1:20 (tall form) and 1:6 (short form).
Meteorology, soil water and leaf water potential
Patterns of precipitation, mean afternoon temperature and VPD, θ g and Ψ pd showed strong seasonality ( Figure 2 ). There was less than 10 mm of rainfall per month from May through October 2000, with marked differences in wet season rainfall between years: total precipitation for January to March 2001 was 118 mm, just 36% of the previous year's wet season precipitation. Mean daily air temperatures were markedly lower during the dry season (Austral winter) than during the summer (Figure 2b) . Mean daytime VPD was nearly twice as high at the peak of the dry season than during the wet season (Figure 2b ). There was marked variation in VPD during the wet period between the study years: mean VPD in March 2001 was 1.87 kPa versus only 0.95 kPa in March 2000.
During the dry season in 2000, differences in relative extraction of soil water were seen between the short and tall forms. The differences were greatest from May through September, with θ g integrated over the entire soil profile declining by 50% (from 4.2 to 2.1%) beneath the short form and only 27% (from 2.3 to 1.7%) beneath the tall form. This suggests that the tall form extracted water from deeper soil layers than the short form. Consistent with this interpretion, moist soil (i.e., θ g > 5%) could always be found beneath the short form at depths greater than 1.5 m, whereas, beneath the tall form, θ g was less than 5% to a depth of 4 m at the end of the dry season.
In March 2000, Ψ pd was higher in trees of the short than the tall form, but it declined more rapidly from March to August in the short form than in the tall form (-0.7 to -3.4 MPa versus -1.9 to -2.7 MPa, respectively; Figure 2d 
Photosynthetic properties and leaf nitrogen
Leaf nitrogen concentration varied little in either physiognomic type from January through July 2000, but declined rapidly thereafter, with the tall form having consistently higher N l than the short form (Figure 3a) . New leaves showed similar differences the following season, but values were about 30% lower than the year before (Figure 3a) . Leaf senescence and abscission began in late August in the short form trees, whereas it occurred 2 weeks later (mid-September) in the tall form trees.
Seasonal variation in A sat (PPF > 1000 µmol m -2 s -1 ) is shown in Figure 3b . At the height of the 2000 rainy season, TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PHOTOSYNTHETIC CAPACITY OF MOPANE TREES 419 A sat , g s and the ratio of intercellular CO 2 concentration to ambient CO 2 concentration (C i /C a ) were typical for mopane under field conditions (Figures 3b and 3c ; Midgley et al. 2004) . As the season progressed, A sat declined in trees of both forms, but more rapidly in the short form, especially after June 2000. Stomatal conductance declined significantly in both tree forms as the dry season progressed, but g s was slightly higher in the short form from March through July, but slightly lower in August 2000, immediately before the onset of leaf fall. In August, g s was higher than in July 2000, especially in the tall form, perhaps as a result of an unseasonable rain shower 2 weeks earlier.
Although there were significant decreases in both A sat and g s from March through July 2000, C i /C a values were similar for both growth forms and remained close to 0.8. Both A sat and g s were markedly lower after leaf flush when measured in the 2001 wet season.
Typical seasonal variations in light response curves are shown in Figure 4 . Both the initial slope of the light response curve, as well as A sat , declined as the dry season progressed. It is unclear, however, whether light saturation was observed for the measurements made in July 2000. Nevertheless, A showed a clear tendency toward saturation only at PPF values above about 1000 µmol m -2 s -1 under field conditions, characteristic of savanna tree species in this region (Midgley et al. 2004) .
Covariations between the seasonal decline in Ψ pd , photosynthetic parameters and N l are illustrated in Figure 5 . The regression slopes account for the established estimated variances in both dependent and independent variables (Ripley and Thompson 1987) . There was a close linear decline in both A sat and N l with Ψ pd , which was similar for both growth forms. No such relationship existed for g s, which showed substantially greater variation (Figures 3 and 5) . Figure 2d shows that the greatest decline in Ψ pd was in June and July which was when the most marked decline in N l occurred (Figure 3a) .
Stomatal regulation of water use and carbon gain
The relationships between A, g s and VPD were analyzed by the approach of Lloyd and Farquhar (1994) , who showed that stomata tend to optimize water use for carbon gain (Cowan 1977) . The Lagrange operator λ, which describes this effect, relates the physiological and environmental parameters as: 
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( 1) where D l is the leaf-to-air vapor pressure difference and Γ is the CO 2 compensation point. Equation 1 is applied not only to demonstrate that λ, the marginal evaporative cost of plant carbon gain, is constant over a day or so (as required by the theory of Cowan (1977) ), but also to use λ as a descriptor of stomatal behavior that partitions day-to-day variation in D l among A, g s and C i /C a . The usefulness of this approach is shown in Fig Equation 1 suggests that the decline in g s during the dry season of 2000 was not solely a result of increasing D l , but that there must also have been changes in stomatal behavior, because λ declined throughout the dry season, especially in the tall form trees. The value of λ declined in the short form trees but to a lesser extent (Table 2) .
Discussion
Despite the similarity in LAI between the short and tall mopane stands, there was a faster dry-season decline in Ψ pd in the short form than in the tall form (Figure 2d) . The difference is likely explained by the more limited exploitation of available soil volume by the short-form trees, the roots of which were limited to the uppermost 1 m of soil. A positive correlation between Ψ pd and tree height for saplings has been observed in both the evergreen Eucalyptus tetrodonta F. Muell. and the deciduous Terminalia ferdinandiana Exell. in a northern Australian savanna by Prior and Eamus (1999) , who attributed the differences in Ψ pd to the less developed root systems of the smaller plants.
Although both growth forms of mopane showed similar seasonal declines in N l , N l was consistently lower in the short form (Figure 3a) . This did not, however, lead to a consistently lower A sat . Significant declines in A sat were observed as early as April-May before there was a significant decline in N l , which occurred in June ( Figure 5, 3a and 3b ), indicating that a decline in N l did not trigger the decline in A sat . In both growth forms, A sat was similarly related to Ψ pd , both within and across years ( Figure 5a ). Predawn leaf water potentials are often considered a surrogate for soil water availability (Sala et al. 1981 , Le Roux and Bariac 1998, Tardieu and Simonneau 1998, Irvine et al. 1998 , Stratton et al. 2000 . It is thus likely that increasing leaf water deficits (Tuzet et al. 2003) were the drivers for the decline in A sat , with decreases in foliar N l contributing as the dry season progressed (e.g., Martin et al. 1994) . Photosynthesis continued longer into the dry season in the tall form than the short form, indicating that delayed leaf fall in the tall form was likely associated with its deeper root system and the resultant capacity to access deep soil water (Sultan et al. 1998 , Laclau et al. 2001 .
Fine root:leaf biomass ratios differed approximately twofold between the tall and short forms, which is contrary to our expectation that, in this semi-arid environment, a homeostatic mechanism would maintain a balance between the capacities for water acquisition and water loss (cf. Cairns et al. 1997 , Caldwell et al. 1998 . Data from temperate habitats suggest that trade-offs in allocation of captured resources determine root:shoot ratios (Greco and Baldocchi 1996) . Generally, when light is limiting, there is a higher allocation to shoots, whereas on dry soil, allocation to roots tends to be higher (Blum and Sullivan 1997) . The year 2000 was wetter than average, and this may have permitted greater development of the canopy in the short-form trees before the onset of water stress. Nevertheless, the contrast in root:shoot ratios was large and must explain, at least in part, the difference between growth forms in seasonal patterns of photosynthesis and water loss.
Estimates of λ showed that the taller mopane form is increasingly conservative in its water use as the dry season progresses ( Table 2 ), suggesting that the decline in g s was not solely a consequence of increasing D l . The decline g s in during the dry season was much less in the short form than in the tall form. This difference between forms may be associated with differences in the production of root signals controlling g s 422 VEENENDAAL, MANTLANA, PAMMENTER, WEBER, HUNTSMAN-MAPILA AND LLOYD TREE PHYSIOLOGY VOLUME 28, 2008 (Blackman and Davies 1985) , because the significantly lower fine root:leaf biomass ratio in the short form might have reduced the efficacy of any such signal. The value of λ was lower in early 2001 than during the much wetter 2000, indicating that stomatal behavior was significantly affected by soil water status and that the lower C i /C a in early 2001 was not solely a response to higher D l in early 2001 compared with early 2000. Soil water conditions during leaf development in the early wet season may be critical for subsequent stomatal behavior during the remainder of the growth period.
Various explanations have been proposed to account for the short form of mopane, including browsing by elephants (Smallie and O'Connor 2004) , fire (Mlambo and Mapaure 2006) and adverse soil conditions (Fraser et al. 1987) Our data point to the importance of edaphic factors, with limited root development in the short form of mopane being associated with greater water stress as the dry season progresses, resulting in reduced carbon assimilation rates and earlier leaf abscission. Our data do not, however, explain the multistemmed structure of the short form. We speculate that the short form is more susceptible to drought and frost because of its limited rooting depth and lower Ψ pd throughout much of the year. If severe periodic droughts or frosts, or both, kill aboveground parts of these plants, subsequent coppicing would give rise to the multi-stemmed form (Holdo 2005, Mlambo and Mapaure 2006) . It remains to be determined why the short form fails to extend roots into what appears to be a substantially under-utilized soil rooting volume. One possibility is that the shallow calcrete duricrust affects the physical properties of the shallow overlying sand, thereby restricting fine root growth (Townend et al. 1996) .
